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Chapter 1: Introduction
1.1

Project Overview
The Green Monopropellant Propulsion Effort (GMPE) at the Center for Space Exploration

and Technology Research (cSETR) at the University of Texas at El Paso (UTEP) is working
towards proposing propellant alternatives to replace hydrazine in propulsion systems. Hydrazine
has been widely used since the 1930s and is still considered to date as the dominant propulsion
technology for low- total impulse applications [1]. However, hydrazine is an extremely toxic
chemical and known carcinogen. Thus, storage, handling and disposal procedures impose a high
cost due to its high toxicity and flammability levels. When considering possible propellant
alternatives to hydrazine, ease of decomposition and chemical stability for storage are
characteristics that should be taken into account. Feasibility in propellant decomposition allows
for a less complex propulsion system design and a quicker response time. Propellant storability
and stability also play as an important role in propellant handling and safety of the user, principally
for government purposes. Considering an event that requires the propellant to be transported on a
naval ship, safety of the passengers and soldiers is priority at all times. It is ideal that the propellant
does not degrade over time and build up pressure within its containment, as seen for hydrogen
peroxide, to avoid spontaneous combustion. In the event of an accidental spill, the propellant
should not impose such a high threat to propellant handlers and bystanders.
Therefore, not only will the performance of the propellant serve as the sole factor for
replacing hydrazine but the safe handling of the propellant will be considered, as well. One of the
propellants being proposed and researched at cSETR is LMP-103S, which is an ammonium
dinitramide (ADN) – based ionic liquid monopropellant. The ADN-based propellant is considered
as High Performance Green Propulsion (HPGP) technology [2]. There is limited public
1

information on LMP-103S due to patents placed that classifies certain data as proprietary
information. Literature does demonstrate, however, that basic propellant performances of LMP103S, such as specific impulse and density impulse, along with safe handling, makes LMP-103S
a promising alternative. LMP-103S has also been successfully flight demonstrated with a total
burn time of two hours on the PRIZMA mission [2]. Therefore, the GMPE team at cSETR is
pursuing studies to more fully understand the propellant’s performance and combustion process to
verify its value as a propellant alternative to hydrazine.

1.2

Project Objectives
Contracted by the Missile Defense Agency (MDA), the GMPE team is also working

towards the development of a 22-N class thruster using LMP-103S as the working propellant.
Although LMP-103S possesses the characteristics of a monopropellant, it can also be treated as a
premixed bipropellant due to the crystalized oxidizer and liquid fuel present in the solution. Thus,
the design of an ionic liquid monopropellant thruster should be approached with both the
perspective of a monopropellant and bi-propellant thruster design.
Once the propellant has passed through a catalyst bed in the thruster, the hot gases will
continue to mix and combust in the chamber. A value of the chamber’s characteristic length is
required in order to ensure complete mixing and combustion of the gases takes place before it
exists a converging-diverging nozzle, just as for a bipropellant thruster. Therefore, the design of
the combustion chamber for the 22-N class ionic liquid monopropellant thruster will be approached
as a design for a bipropellant. There is no public information for an acceptable or ideal
characteristic length range for an ionic liquid monopropellant, such as LMP-103S. Studies are
currently being conducted at cSETR to estimate an ideal characteristic length range for LMP-103S
for the development of an ionic liquid monopropellant thruster.
2

1.3

Project Approach
Flame Studies is one of the supported projects within the GMPE whose objective is to

combust the expected decomposition species from LMP-103S found after the propellant has
passed through the catalyst bed. The length of the flame from the combusted decomposition
species will be measured to support the concept that the flame length can be directly proportional
to the characteristic length of a combustion chamber for an ionic liquid monopropellant through
the propellant’s residence time. The characteristic length will be calculated using empirical data
from measuring the length of the flames during testing. Once the characteristic length is calculated,
it will be plotted with respect to the critical velocity gradient (GF), which is a parameter defined as
the ratio between the square of the laminar flame speed (SL) to the thermal diffusivity (a) of the
specie mixture. The Chemical Equilibrium with Applications (CEA) software is used to obtain the
thermal diffusivity of the desired specie mixture. As a safety precaution, a portion of the expected
decomposition species will first be combusted through a laboratory burner system before
attempting to combust all expected decomposition species. The flame length of those gaseous
mixtures will be recorded, as well, to create a graph with multiple data points relating L* to GF
which will serve as the Flame Studies model.

1.4

Project Relevance
The graph generated from Flame Studies can also be applied to other ionic liquid

monopropellants, such as AF-M315E. The units of GF generated from the Flame Studies model
are s-1 which allows other specie mixtures to be correlated to the model, as well. Only the laminar
flame speed and thermal diffusivity of the desired specie mixture would be needed to obtain an
acceptable L* value on the Flame Studies model. However, the most important relevance of Flame
Studies is to propose an effective L* range for the development of ionic liquid monopropellant
thrusters.

3

Chapter 2: Literature Review
2.1

Monopropellant Propulsion Systems
There are four main types of propulsion systems: cold-gas systems, monopropellant

systems, bipropellant systems and solid motor rockets [1]. Bipropellants require a liquid fuel and
oxidizer combination for combustion to take place. Solid motor systems, or hybrid rockets, utilize
a solid rocket fuel and liquid oxidizer in its combustion process. Combustion does not take place
within cold-gas systems. A single flow of gas, such as gaseous nitrogen (N2), is typically used and
choked at the nozzle to produce thrust. Similar to cold-gas systems, monopropellant systems are
generally used for in-space, low impulse applications. Unlike cold-gas systems, combustion takes
place within a monopropellant systems and deliver a higher specific impulse. Specific impulse
(Isp) is the measure of rocket performance. It demonstrates how much force of thrust can be deliver
per weight flow rate of the propellant. The propellant hydrazine can typically deliver an Isp of 237
seconds [1]. Although monopropellant systems have a lower Isp performance than that of
bipropellants and hybrid rockets, they possess characteristics that make them favorable for certain
applications; mainly for in-space, low impulse applications. For example, monopropellant systems
require only one propellant tank as oppose to bipropellant systems that require two; one for the
oxidizer and the other for the fuel used in the system. Limiting the system to one propellant tank
reduces the amount of hardware needed and reduces the complexity of the system.
Monopropellants systems also have restarting capabilities for multiple firings unlike hybrid rockets
which are limited to a single firing.
Similar to the other propulsion systems mentioned, monopropellants exert a thrust through
gasses expelling a converging-diverging nozzle of a thruster from the combustion chamber. The
hot gases that are expelled from the combustion chamber of the thruster are generated through the
4

decomposition of the single propellant through a catalyst bed. The use of a catalyst bed aids to
increasing the rate of reaction and decreasing the activation energy for decomposition to take place.
The material selection for a catalyst is unique to each monopropellant for a chemical reaction to
occur. Along with the catalyst bed, heaters are employed to preheat the catalyst bed to accelerate
the exothermic reaction between the propellant and catalyst bed. The propulsion system can
experience high temperatures after combustion that are not suitable or within operational
temperatures for hardware upstream the catalyst bed. Therefore, a thermal standoff is introduced
between the catalyst bed and propellant valve to dissipate as much heat as possible to protect
hardware upstream the system. An image of a typical monopropellant system is shown in
Illustration 2.1 obtained from Charles D. Brown’s Spacecraft Propulsion textbook.

Illustration 2.1: Typical layout for a monopropellant propulsion system [1].

2.2

Catalyst Beds
Catalyst beds are used within monopropellant systems to minimize the activation energy

required to initiate decomposition of the propellant. This is possible through the adsorption that
takes place between the catalyst and propellant. During adsorption, the molecules from the
propellant temporarily stick to the surface of the catalyst. Thereafter, a chemical breakdown of the
5

molecules takes place on the surface of the catalyst. At this point, the broken molecule can collide
with another freely moving molecule within the free flow of the propellant creating chemistry [3].
The molecules then breakaway from the surface of the catalyst bed and leave the surface available
for another chemical breakdown to take place. The chemical breakdown of the molecules creates
an exothermic reaction which generates the formation of hot gases that are then expelled from the
nozzle of the propulsion system to produce thrust.
Catalyst beds differ in size and shape depending on their application [4]. Common
structures for monopropellant systems include monolith, foam, pallet and mesh type catalyst.
Generally, catalysts are made up of a support structure, typically a ceramic, and is then coated or
impregnated with the active catalyst material. The amount of active catalytic material to the
support structure needed is also dependent of the propellant being utilized. The required residence
time between the catalyst and propellant for a chemical reaction to take place is also unique to
each monopropellant. Separate catalytic studies will take place at cSETR to determine the most
efficient catalytic structure and material for LMP-103S. Meanwhile, an iridium coated silicon
carbide foam, procured from ULTRAMET, will be utilized for preliminary research and
investigation since it is a very common catalyst material used in monopropellants. It should be
taken into consideration that although monopropellants have restarting capabilities for firing, there
comes a point where the catalyst bed formulates an oxidizing layer on its surface, also known as
catalyst poisoning, that decreases the performance of the system. Catalytic poisoning does not
allow the breakdown of molecules to take place since there is no available catalytic material on
the surface of the catalyst bed. Future catalytic research will investigate the expected life cycle of
the catalyst bed before it becomes poisoned and the system performance decreases.

6

2.3

Ammonium Dinitramide
Ammonium Dinitramide, (NH4N(NO2)2) is a highly energized inorganic salt commonly

used as an oxidizer solvent in liquid and solid rocket propellants [5]. Ammonium Dinitramide
(ADN) originated from the Soviet Union in the 1970s and was strictly classified and unknown to
the rest of the world until it was introduced in 1988. ADN is extremely hygroscopic which allows
it to be dissolved in water [6]. Adding a fuel to the ADN and water mixture allows for the
formulation of a premixed bipropellant to be used in propulsion systems [6]. ADN begins to melt
at 91°C and starts to decompose at around 150°C at a heating rate of 10 K/min [5], [6]. The
advantages in utilizing ADN in monopropellants as oppose to hydrazine is that ADN does not
produce any toxic, carcinogenic nor ignitable fumes making it an ideal “Green Propellant”
alternative [6].

2.4

ADN Based Monopropellant: LMP-103S
Propellant blends consisting of a crystalized oxidizer dissolved in a fuel and water mixture

are currently viewed as the most promising propellant alternative to hydrazine. One of the ionic
liquid monopropellants being considered and researched at cSETR is LMP-103S which is a High
Performance Green Propellant (HPGP) composed of 60-65% ADN (NH4N (NO2)2), 15-20%
methanol (CH3OH), 3-6% ammonia (NH3) and a balance of water (H2O). The Ecological
Advanced Propulsion Systems, Inc. (ECAPS) which is a Swedish space company established by
the Swedish Space Corporation (SSC) and Volvo Aero, developed LMP-103S in 1997. Although
considered a monopropellant, LMP-103S is a highly energized, premixed bipropellant in which
the ADN in the solution serves as the oxidizer while the volatile in the mixture, methanol, aids as
the fuel. LMP-103S is still considered a monopropellant since a single propellant is used for
combustion and only one propellant tank is needed for the propulsion system. Like water, ammonia
7

serves as the stabilizer to the solution which allows for the propellant to be chemically stable for
storage. Unlike hydrazine, LMP-103S has received approval for air transportation due to its
chemical stability [7]. The water in the propellant also allows for ADN crystals to dissolve into
the solution. The propellant is environmentally benign which reduces the risks associated with
toxicity and complexity of propellant handling such as eliminating the need of a SCAPE suit [8].
No reports have been made about the propellant being carcinogenic. ECAPS has reported that the
propellant possesses a higher specific impulse of 6% and a higher density impulse of 30%
compared to hydrazine [8], [9]. Having a higher density impulse allows for the reduction in
propellant tank size which in turn reduces the overall weight of the propulsion system. This is
attributed to the ability of generating a higher amount of thrust with a smaller volume quantity of
propellant.

2.5

Characteristic Length
The characteristic length of a combustor is a design parameter for a combustion chamber

that ensures complete mixing and combustion of the gases takes places within the chamber before
they exit the throat and nozzle of the thruster. Thus, the chamber serves as an envelope to retain
the gases for a period of time known as the average propellant stay time, or residence time, until
complete combustion takes place [10]. The characteristic length, L*, is the ratio of the chamber
volume, VC, to the area of the throat, At, shown in Equation 1. The area of the throat is selected as
a design parameter to provide a specific chamber pressure and thrust required by the mission to
produce choked flow. Since At is related to the mass flow rate of the propellant, !" , and the
average specific volume, #, of the chamber, L* is proportional to the propellant stay time, ts [10].
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It is possible to increase the L* beyond typical L* values for recorded propellant
combinations to ensure complete combustion. However, increasing the L* of a chamber beyond
its most effective value will also decrease the overall performance of the propulsion system.
Increasing the L* value beyond its effective operating value increases the chamber volume and
thus the overall weight of the system. Also, if a cooling system is incorporated to the propulsion
system, an increase in surface area will call for the cooling system to jacket more surface as well
as increase the amount of the thermal losses [10].

2.6

Chemical Time Scale
The L* for a given propellant and engine size is established from previous tests and designs

[10]. Because there is no public information for an estimated L* value for an ionic liquid
monopropellant such as LMP-103S, a range of L* will be estimated for an ionic liquid
monopropellant by correlating the propellant stay time to the chemical time scale found in the
flame length equation shown in Equation 2. This equation shows the flame length is equal to the
burning velocity, SL, times the chemical time scale, tS, which is the amount of time required for
complete combustion of the gases to take place within the flame.
$3 = 45 ∗ 67

(2)

The burning velocity can be solved using Equation 3 where !8 ′′ is the mass flux of the unburned
gasses exiting the burner system orifice and :8 is the density of the unburned gasses.
45 =

9

,; <<
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(3)

Once the burning velocity is obtained and the flame length is measured experimentally, the
chemical time scale can be calculated from Equation 2 and used in Equation 1 to solve for the L*
of a chamber given the combustion properties of the propellant combinations. Correlating the time
scales from the length of a flame and the L* of a combustor will indicate if designing the
combustion chamber for an ionic liquid monopropellant is similar to the L* values of other
propellant combinations. Typical L* values for bipropellant combinations can range anywhere
between 20 to 50 inches (0.508 – 1.27 m) [10].
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Chapter 3: Determining the Decomposition Species of LMP-103S
3.1

Thermal Decomposition Studies
There is currently no public information or knowledge on the chemical kinetics of LMP-

103S. ADN in itself can follow different chemical pathways depending on its environment during
decomposition such as pressure, temperature and the rate at which the propellant is heated at. It is
beneficial to understand and identify the expected decomposition species from LMP-103S within
the combustion chamber after the propellant has passed through a catalyst bed. Once identified,
those intermediate species will be utilized for combustion during Flame Studies testing. However,
due to the absence of information on the chemical kinetics and intermediate species from LMP103S, steps were taken to approximate what those intermediate species might be. Foremost, a
sample of LMP-103S was ran through a differential scanning calorimetry (DSC) instrument to
understand how the propellant reacts and decomposes at different heating rates. The DSC measures
the lowest temperature at which an exothermic reaction occurs [11].
A 10-mL sample of LMP-103S was introduced to the DSC for each test. Tests were
conducted at heating rates of 20, 10, 5 and 2.5 K/min. Figure 3.1 shows the curves obtained from
DSC testing for the heating rates previously mentioned. In Figure 3.1, the highest peak corresponds
to a heating rate of 20 K/min following curves successively down to 2.5 K/min. Although each
heating rate experienced a significant exothermic peak at around 175°C, there is a substantial
difference in the amount of energy released by each. At a heating rate of 20 K/min, 31 µV/mg of
energy was released as opposed to 1 µV/mg of energy released at 2.5 K/min.

11

Figure 3.1: DSC Curves for LMP-103S at heating rates of 20, 10, 5 and 2.5 K/min.

Figure 3.2: DSC Curve of Decomposition of LMP-103S at 5 K/min.

12

Prior to the exothermic peak experienced at around 175°C, there is an endothermic dip at
around 89 - 91°C. The endothermic dip is more prominent at the lower heating rates of 5 and 2.5
K/min. This can be seen from the DSC curve obtained from LMP-103S at a heating rate of 5 K/min
in Figure 3.2. It can be seen from Figure 3.2 that there is a gradual endothermic reaction between
50-70 °C and then significantly dips around 89 - 91°C. It is believed that the prominent endothermic
dip experienced at around 89 - 91°C correlates to the melting point of ADN of 91°C. The gradual
endothermic reaction between 50 - 70 °C is unidentified. It is suggested that the methanol in the
mixture is evaporating during this period due to methanol’s boiling point of 64.7 °C. This
hypothesis would help explain why each heating rate experiences a change in the amount of energy
released. As ADN decomposes and releases oxidizing agents in the presence of methanol, the fuel
is potentially creating a stronger exothermic reaction to, possibly, the point of combustion. At the
higher heating rates, the methanol may not be properly or completely evaporating whereas in the
lower heating rates methanol has potentially completely evaporated before ADN begins its
decomposition process. This assumption is supported by previous research which demonstrates an
endothermic dip at 91°C in DSC results from aqueous and crystalline ADN which is claimed to be
associated to the decomposition of ammonia nitrate into ammonia and nitric acid [12], [13].

3.2

Chemical Equilibrium and Applications Analysis
Therefore, for Flame Studies testing, the approach taken was to assume that one of the

potential chemical pathways for LMP-103S was the initial decomposition of ADN along with the
other constituents that make up LMP-103S: methanol, ammonia and water. That is to say, ADN is
first decomposed within the mixture, based on DSC results obtained from LMP-103S and ADN,
while the other constituents undergo no chemistry within the propellant mixture.

13

To prove that this hypothesis could be a potential chemical pathway for LMP-103S,
combustion was simulated for the proposed intermediate species through the use of the Chemical
Equilibrium with Applications (CEA) software to verify that the exhaust gases obtained after
combustion were similar to those reported for LMP-103S by ECAPS. CEA is a computer aided
program developed by NASA Glenn Research Center that calculates the chemical equilibrium
compositions of complex mixtures and determines their thermodynamic and transport properties
[14]. The reactants that makeup LMP-103S were reported by ECAPS in the form of ranges.
Therefore, before determining if the exhaust gases from the proposed intermediate species
correlate to those reported, iterations on CEA were conducted to determine the most optimal ratio
of the reactants that make up LMP-103S. This was done to approximate how much of the
propellant is made up of ADN so that the percentage obtained would then be used to include the
decomposition species from ADN with the other constituents that make up the propellant to
propose the expected intermediate species. That is to say, if 60% of the propellant is made up of
ADN, the decomposition species of ADN will make up 60% of the proposed intermediate species
and the remaining constituents from LMP-103S, which are ammonia, methanol and water, will
make up for the remaining 40% of the intermediate specie mixture. Results obtained from the CEA
iterations performed were validated with reported exhaust products from ECAPS (reported in mole
fractions) which are 50% water (H2O), 23% nitrogen (N2), 16% hydrogen (H2), 6% carbon
monoxide (CO) and 5% carbon dioxide (CO2) [2]. Equations 4 and 5 was used to convert the
reported exhaust products from mole fractions to mass fractions where => is the mole fraction of
species ?, @A> is the molecular weight of species ?, and B> is the mass fraction of species ?.
B> =

CD EFD
EFGHI
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(4)

@AEJC =

> => @A>

(5)

The following percent mass fractions were obtained for LMP-103S: 55% water (H2O),
20% nitrogen (N2), 2% hydrogen (H2), 10% carbon monoxide (CO) and 13% carbon dioxide
(CO2). After running the iterations on CEA, the most ideal combination of the chemical reactants
found for LMP-103S are shown below in Illustration 3.1. Although the exhaust species outputted
from CEA for the proposed intermediate species slightly differ from those reported from ECAPS,
this was the most optimal combination that most closely related to the reported data than from the
other iterations performed. The CEA output file for this iteration can be found in Appendix A.
Iterations were based on the reported ranges for each reactant.

Illustration 3.1: Most ideal chemical makeup for LMP-103S iterated along with outputted
exhaust products from CEA.
15

An input is available on CEA to combust LMP-103S as a propellant whole. The exhaust
products from LMP-103S obtained from CEA, along with the ones reported from ECAPS, were
utilized to validate the exhaust products from the proposed intermediate specie mixture. For
instance, ECAPS reported 55% of steam should be exhausted after combustion whereas CEA
outputted 49% of steam from the combustion of LMP-103S. Therefore, the amount of water
outputted from CEA for the combusted intermediate species will be deemed acceptable if the
percent mass fraction falls anywhere between 49% to 55% by mass.
Subsequently, the combustion of ADN was simulated through CEA under atmospheric
conditions of 1 Bar and 273.15 K to obtain the expected exhaust products of ADN. The exhaust
species from ADN comprises of 60% of the intermediate specie mixture based on previous
iterations made shown in Illustration 3.1. The exhaust products outputted for ADN were then
combined with the other reactants that make up LMP-103S; 3% of ammonia (NH3), 17.5%
methanol (CH3OH) and 19.5% of water (H2O). Table 3.1 demonstrates how the mass fractions
were obtained for the proposed intermediate species along with the outputted CEA results after
they were combusted.

16

Table 3.1: Species inputted into CEA from combusting ADN to chemical equilibrium along with
outputted mass fractions after combustion.
CEA - LMP Decomp (CEA Decomposition of ADN)
LMP
Composition/
ADN Decomp

Species

Mass Fractions Combined

3%
17.50%

HO2
H2
H2O
NO
NO2
N2
O
OH
O2
NH3
CH3OH

0.000
0.000
0.173
0.004
0.000
0.269
0.000
0.002
0.151
0.030
0.175

19.50%

H2O

0.195

60 % ADN

0.000
0.000
0.368
0.004
0.000
0.269
0.000
0.002
0.151
0.030
0.175

CEA Exhaust
Products
CH4
CO
CO2
H2
H2O
NH3
N2

Mass
Fractions
0.001
0.013
0.217
0.017
0.455
0.000
0.296

Percent
Mass
Fractions
0.1%
1.3%
21.7%
1.7%
45.5%
0.0%
29.6%

-

It can be seen from Table 3.1 that the amount of water (H2O) and carbon dioxide (CO2)
slightly fall out of their acceptable range meanwhile the amount of carbon monoxide (CO)
outputted is significantly out of range. As a result, a different approach was taken to approximate
the intermediate species of LMP-103S. Instead of utilizing the decomposition products of ADN
from CEA, which will give the combustion products at equilibrium, reported stoichiometric
equations were used for ADN at experimental conditions [15]. The different stoichiometric
conditions reported by Yang were combusted through CEA with the other LMP-103S constituents;
however, the stoichiometric equation under the condition of 1 atmosphere at a heating rate of 2000
°C/sec was the most optimal combination for the outputted exhaust products when combusted with
methanol. ammonia and water. The stoichiometric equation used for ADN is as followed:
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KLM → O. OQMRS + O. SSRU V + O. UUMU V + O. WSMVU + O. WSMU + O. OXMV + O. OURMVS + O. OXKM

The species inputted into CEA from the ADN decomposition species based on the Yang’s
stoichiometric equation as well as methanol, ammonia and water are shown in Table 3.2 along
with the exhaust products outputted after combustion.

Table 3.2: Species inputted into CEA from ADN stoichiometric equation along with outputted
mass fractions after combustion.
CEA - LMP Decomp (Literature ADN Decomposition)
LMP
Composition/
ADN Decomp

60 % ADN

3%
17.50%
19.50%

3.3

Species
H2O
N2
AN
N2O
HNO3
NO2
NH3
NH3
CH3OH
H2O

Mass
Fractions
0.119
0.037
0.080
0.194
0.025
0.120
0.024
0.030
0.175
0.195

Added
Water &
NH3
0.314
0.037
0.080
0.194
0.025
0.120
0.054
0.175
-

CEA Exhaust
Mass
Products
Fractions
CO
CO2
H2
H2O
N2

0.0576
0.1501
0.0151
0.5020
0.2753

Percent
Mass
Fractions
6%
15%
2%
50%
28%

Test Matrix Development
It can be seen from Table 3.2 that the outputted mass fractions correlate more closely to

the expected exhaust species than that of Table 3.1. However, it is ideal to combust the
intermediate specie combination obtained from both Table 3.1 and Table 3.2 to understand how
the variation in possible chemical disassociation of the products effects combustion and the overall
design of the combustor. Therefore, the test matrix for Flame Studies testing was first based on
Table 3.1 due to safety hazards. Safety measures and accommodations need to be made to test with
toxic gases such as nitrogen dioxide (NO2) and ammonia (NH3). The expected intermediate species
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from Table 3.1 pose a relatively smaller threat in safety as oppose to those in Table 3.2. Future
efforts for Flame Studies testing should focus on ensuring the safety of test personnel to perform
tests with the decomposition species from Table 3.2, as well. As previously mentioned, a portion
of the expected intermediate species will first be combusted through the Flame Studies
experimental setup before attempting to combust all expected decomposition species. This is done
as a safety precaution since the flammability and magnitude of combustion of the gas mixture is
unknown. Hence, the test matrix for Flame Studies was developed to first test a portion of the
expected intermediate species and successively slowly build towards combusting all the expected
intermediate species. The test matrix developed and utilized for Flame Studies testing can be found
in Appendix B.

3.4

Decomposition Studies Development
Additional studies are currently being conducted under the GMPE to more fully understand

the chemical kinetics and combustion process of ionic liquid monopropellants which includes
LMP-103S. Decomposition Studies, which is another project supported under the GMPE at
cSETR, will help verify the exhaust products for ionic liquid monopropellants under different
environmental conditions with several catalyst materials and structures. Results obtained from
Decomposition Studies for LMP-103S will also serve as a second form of validation for the
predicted intermediate species and exhaust products used in Flame Studies. Decomposition Studies
will also verify which catalytic material and structure is most efficient for LMP-103S and other
ionic liquid monopropellants. This will also include providing the most optimal value of residence
time of the propellant with the catalyst bed for complete combustion to occur.
The experimental setup for Decomposition Studies is as such that the propellant will first
flow through a preheated catalyst bed at a specified flow rate. After the propellant has experienced
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an exothermic reaction, the exhaust products are then captured through a sample cylinder and
processed through a mass spectrometer to determine the spices exhausted from the catalyst bed.
An image of the Decomposition Studies experimental set up is shown in Illustration 3.2.

Illustration 3.2: Experimental setup for Decomposition Studies.
Decomposition Studies will first investigate catalytic decomposition with an iridium
coated, silicon carbide foam procured from ULTRAMET. Initial studies will alter the temperature
at which the catalyst bed is preheating at. Thenceforth, the flow rate of the propellant introduced
into the catalyst bed will be varied to investigate the optimal residence time. Future efforts also
include investigating and testing different catalytic materials and structures.
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Chapter 4: Flame Studies of LMP-103S Decomposition Species
4.1

Design Requirements
A laboratory burner system was designed and developed for Flame Studies testing that

would allow for the ignition and combustion of the expected intermediate species found within
LMP-103S. The following species are of current interest for testing per Table 3.1: nitrogen (N2),
oxygen (O2), ammonia (NH3), methanol (CH3OH) and water (H2O). During the design phase of
the Flame Studies burner system, the following requirements were considered and met: the system
must be capable of generating gaseous methanol and steam, avoid flashbacks from occurring
within the system, independently deliver and meter the flow of each intermediate specie introduced
to the burner nozzle, and ensure the safe handling and ignition of ammonia. The experimental
setup was also designed to allow for future testing of different species found within other ionic
liquid monopropellants. The manner in which the design requirements were met and carried out
will be covered in the upcoming section.

4.2

Experimental Setup
The intermediate species are introduced to the burner nozzle at the expected preheated

catalyst bed temperature of approximately 350°C and openly ignited at atmospheric pressure. A
preheating temperature of 350°C was selected based on reports made from the design and
development of the HPGP system that was implemented on the Swedish PRISMA spacecraft
platform. LMP-103S served as the propellant used on the propulsion systems for the PRISMA
satellite which was launched in June 2010 [9]. Prior to thruster firing, the catalyst beds for this
propulsion system were preheated and regulated to temperatures between 340°C and 360°C [2].
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Therefore, a preheating temperature of 350°C was selected for the intermediate species tested in
Flame Studies since this temperature serves as the medium for the catalyst bed preheating
temperature of between 340°C and 360°C. At these conditions, methanol and water are in a gaseous
phase. As a result, two heating coils were designed, manufactured, and integrated into the Flame
Studies burner system to generate gaseous methanol and steam autonomously before they are
introduced into the burner nozzle. Two ¼ inch tubes of 316 stainless steel were coiled to an inner
diameter of approximately 4 inches. The coiled tubes are wrapped in heating tape purchased from
OMEGA Engineering that can provide and withstand heating temperatures up to 500 ºC. After the
coils had been wrapped in heating tape, insulation was wrapped over the tape to minimize the
amount of thermal losses within the heating system. Thermocouples were integrated within the
heating coils to ensure that water and methanol are at the desired gaseous conditions. Water and
methanol are introduced into the heating coils through a syringe pump that is capable of delivering
a sample size of up to 60-mL at a constant volumetric flow rate programed by the user. NE-1000
Programmable Single Syringe Pumps from New Era Pump Systems, Inc. are used in Flame Studies
for methanol and steam along with syringes capable of holding a sample size of 50-mL. An image
of the syringe pump and gaseous methanol heating coil assembled to the burner system can be
seen in Figure 4.1.
Gaseous nitrogen, oxygen and ammonia, which serve as the remaining intermediate species
needed for testing, are simulated through the use of gaseous k-bottle tanks. The gases from the kbottles are introduced to the burner nozzle through ¼ inch stainless steel tubing. Gases exiting the
burner nozzle are kept at a constant bulk velocity of 15 m/s to avoid flashback in the system during
testing. Since methanol serves as the fuel for the combustion process during testing, its minimum
flame speed was utilized as a parameter to prevent flash back from occurring within the system.
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Flash back occurs when the flame enters and propagates through the burner tube or port without
quenching and is caused by the local flame speed exceed the local flow velocity [16]. The flame
speed for methanol burning with air at stoichiometric conditions (at an equivalence ration of 1) at
a reference temperature and pressure of 298 K and 1 atm was calculated to be approximately 35.2
cm/s [16]. Therefore, maintaining a constant bulk velocity of unburned gasses exiting the burner
nozzle greater than 0.35 m/s aids in preventing flashback occurrences within the system. A bulk
velocity of 15 m/s was chosen based on pressure drop across the system, how precise flow could
be read through the flow meters and blow out effects during testing. Future Flame Studies testing
may focus on altering the bulk velocity and investigating its effects on combustion.
In order to understand how the variation in catalytic activity or possible disassociation of
the products affects the flame and combustion process for the design of the chamber, the mass
fraction for each gas is varied per test. The flow of each gas can be manually metered through the
use of needle valves running through each gas line and monitored through turbine flow meters.
Check valves are installed within each line to prevent back flow of the combined gas mixture from
entering the lines and protect hardware and k-bottles in the event of an unexpected flash-back. An
image of the gas lines can be seen in Figure 4.2.
Hazardous species, such as ammonia and nitrogen dioxide, utilized in Flame Studies testing
require special accommodations for safe handling especially during testing operation. Due to the
low permissible exposure levels of the hazardous species enforced by OSHA and for the safety of
the workers, a capture system was developed to house all components that come in contact with
these gases and safely exhaust them out the laboratory. Three different capture systems were
created to house the instrumentation as shown in Illustration 4.1. At the end of the burner capture
bay 3, which is where the burner nozzle is located and where combustion takes place, the
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laboratory exhaust system is exhausting at approximately 23 m/s. Capture Bay 1, also referred to
as the Ammonia Capture System, houses the solenoid valves, check valves, metering valves and
flow meters for ammonia, nitrogen and oxygen. Capture Bay 2 was created to house a nitrogen
dioxide (NO2) gas cylinder along with a rotameter which will be utilized for future Flame Studies
testing. NO2 is extremely toxic, is fatal if inhaled and is extremely corrosive. Therefore, a capture
system was created to house NO2 alone and isolate the gas from the others. Capture Bays 1 and 2
were manufactured with ¼ inch thick acrylic plates while Capture Bay 3 was manufactured with
½ inch thick acrylic plates. The capture bays are connected and are remained enclosed through
stainless steel ducting connections as shown in Figure 4.5 and 4.6.

Illustration 4.1: Capture systems that houses the Flame Studies experimental setup.
The main objective for the Flame Studies burner system is to combust the intermediate
species found from LMP-103S established by the following requirements: species flow control,
species mixture and ignition, flame imaging, capturing hazardous species, and exhausting the
products from combustion. After the species have flown through the system at the preheated
temperature and have been combined through the burner feed line, they are then ignited with a
hand-held torch ignitor at the end of the burner nozzle to initiate combustion. Once a flame is
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established and is successfully anchored, high definition images are captured for post-processing
and analysis.

Figure 4.1: Methanol heating coil and syringe pump leading towards the burner system.

Figure 4.2: Gas lines and hardware within the Ammonia Capture System.
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Figure 4.3: Gas connections leading towards the burner nozzle utilized in Flame Studies.

Figure 4.4: Cylindrical k-bottles of gases utilized in Flame Studies with Ammonia line housed.
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Illustration 4.2: System schematic of Flame Studies test rig.
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Illustration 4.3: Computer aided design of Flame Studies experimental setup.

Illustration 4.4: Zoomed view of CAD experimental setup.
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Figure 4.5: Assembly of Flame Studies experimental setup.

Figure 4.6: Side view of the assembled Flame Studies experimental setup.

29

4.3

Data Acquisition and Control
High definition images of the flame were captured through the use of a Canon HD camera

(model: EOS 7D Mark II EF-S) for post-processing and analysis. Video was taken during testing
and frames from the video were analyzed post testing. Temperature and pressure readings were
recorded and monitored through LabVIEW as shown in Illustration 4.5. Pressure and temperature
redlines were set on LabVIEW to ensure hardware protection within the system and safety to the
test operators. Temperature redlines for the thermocouples located on both heating coils and burner
nozzle were set between 340°C and 360°C based on reported preheated catalytic temperatures. The
redlines for the thermocouples were used as a temperature control unit for the heating tapes on the
coils as well as for heating cartridges. Once temperature read below 340°C, the heaters were set to
turn on and set to turn off once temperature readings were above 360°C.
A redline of 100psi was also set on the pressure transducer reading the pressure of the
premixed gases entering the burner nozzle. A redline of 100 psi was chosen based on calculated
and measured pressure losses across the system along with the set pressure of the regulator from
the k-bottles. The pressure reline was based on the tank regulators since it is not possible to have
a higher pressure upstream where the pressure transducer is located than the amount of pressure
being supplied by the tanks. In the event that pressure exceeds the established redlines, a signal is
sent from the LabVIEW to close all solenoid valves, stop heating the heating coils by powering of
the heating tapes along with the heating cartridges located in the burner nozzle.
The LabVIEW interface created also allows for autonomous testing by controlling
instrumentation in the system such as opening and closing solenoid valves of the gases leading to
the burner nozzle. The desired volumetric flow rate for steam and gaseous methanol can be set
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through the LabVIEW interface as well as starting and stopping the flow from the syringe pump
as shown in Illustration 4.6.

Illustration 4.5: LabVIEW GUI used for Flame Studies testing.

Illustration 4.6: LabVIEW GUI utilized to remotely control syringe pumps during Flame Studies
testing.
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4.4

Testing
Initial tests were conducted combusting methanol (CH3OH), steam (H2O), and nitrous

oxide (N2O). First, methanol and nitrous oxide were combusted and steam was then introduced in
subsequent tests to combust with nitrous oxide and methanol. These species were based off a
previous test matrix proposed to work towards combusting the intermediate species similar to those
found within Table 3.2. Flames obtained from Test 1.1, 1.2, 2.1, 2.2 and 2.3 are based off this test
matrix. Flame lengths obtained from these tests will be considered as well for the development of
the Flame Studies model. Other flame lengths presented are based on the current test matrix
developed from the combustion of the intermediate species found in Table 3.1 which consist of
methanol (CH3OH), ammonia (NH3), nitrogen (N2), oxygen (O2) and steam (H2O). It should be
noted that Test 8.4 combusted the expected intermediate specie ratios for LMP-103S from Table
3.1. The flames captured and processed from testing from both test matrixes are shown below in
Figure 4.7.

32

33

Figure 4.7: Flames images captured and processed from Flame Studies testing.
Video recording of the tests were developed at fifteen frames per second. Five frames were
obtained from each test, five frames apart. That is to say, five frames of data were obtained for
each test every 2/3rd of a second. It should be noted that although there are many definitions and
techniques found in literature for measuring flame length, there is no single technique is accepted
as preferred [16]. However, common definition to obtained flame lengths does include averaging
a number of individual instances of visible flame lengths obtained from photographs [16]. The
images obtained were place along a grid and measured based off the known length of the burner
nozzle as shown in Figure 4.8. The average flame length was then obtained from the five measured
flames for each test.
An experimental uncertainty calculation was then made for each test to determine the
amount of error in the length of the flame reported. The student’s t-distribution analysis was
utilized for each test since the sample size, or number of data points, are less than thirty, which is
typically what is acceptable for this analysis. Once the average flame length, or sample mean, was
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established for each test, the standard deviation of the samples was calculated using Equation 6
were N is the number of samples, in this case N equals to five, => is the flame length of sample ?,
and = is the average flame length of the test, also known as the sample mean.

4C =

Y
Z[Y

> (=>

− =)_

(6)

The selected confidence interval for the population mean in each test was 95% which is
typical to use for uncertainty analysis. Following the student’s t-distribution table with the selected
confidence interval, the critical value, 6` _ , utilized to calculate random error was 2.776. Random
error of the samples was then calculated utilizing Equation 7.

a = 6`

4=

(7)

_ Z

The precision error calculated was based on how the flame lengths from each the images
were measured on the grid. The precision error is by definition in Equation 8 where the value for
the least count was determined by how precise the length of the flame can be measured. The length
of every three grid boxes is 2.75 inches. That value was divided into 3 to get the size of a single
grid block then again divided by 8 to represent the accuracy of measurement since each grid block
was sectioned into eights for measurements. Depending on the images, it was necessary to only
divide each grid block into four sections as shown in Figure 4.8. However, the precision error for
a grid box sectioned into eights was used for all flame calculations.
Y

b = $cde6 fghi6

(8)

_

_.jk

$cde6 fghi6 =

l

8

(9)

The measurement error, W, for the sample mean from each test was found using Equation
10 below:
A = a_ + b_
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(10)

Figure 4.8: Example of data processing for five different frames captured for a flame during
testing.
A CEA analysis was conducted for each test to obtain the thermal transport properties to
solve for the thermal diffusivity of the combusted species. The thermal diffusivity will be utilized
to solve for the critical velocity gradient which is used to characterize L* on the Flame Studies
model. The equation for thermal diffusivity was used from Equation 11.
n=

o
p- 1q

(11)

The transport properties given by CEA include the thermal conductivity, r, the specific
heat, s" , and the density of the burned gases, :t .

4.5

Results and Discussion
An expected measurement error from the measured flame lengths was calculated to be

±0.01m (averaged to be approximately ± 0.45 inches). The average flame lengths obtained from
each test can be seen in Table 4.1.
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Table 4.1: Flame lengths obtained from Flame Studies test.

Once the flame lengths and critical velocity gradients were obtained for each test, the data
points were plotted to create a preliminary Flame Studies model as shown in Figure 4.9. The
polynomial equation is available and displayed on the chart; however, the curved was plotted on a
logarithmic scale for the characteristic length axis.

Figure 4.9: Preliminary Flame Studies Model to determine L* of a propellant.
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The range of L* for the values displayed in Figure 4.9 range between 7 to 50 inches.
Typical L* values range between 20 to 50 inches (0.508 – 1.27 m) for bi-propellants combinations
[10].

The

L*

for

the

propellant

combination

Dinitrogen

Tetroxide

(N2O4)

with

monomethylhydrazine (MMH) can also range anywhere between approximately 7 to 11 inches
(0.18 - 0.28 m) [17]. The three points that fall slightly out of range from the curve in Figure 4.9 are
from Test 2.1, 2.2 and 2.3 in which methanol, nitrous oxide and steam were combusted. This is
attributed to the small flame length obtained from these tests. At theses gaseous combinations, the
mixture is burning at a much faster rate than those from the other tests conducted. The Flame
Studies model was also plotted with only the test performed from the current test matrix with the
proposed species from Table 3.1 which can be seen in Figure 4.10 below.

Figure 4.10: Preliminary Flame Studies model demonstrating data only form the most current
test matrix.
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The values for L* in Figure 4.10 fall between 23 and 50 inches which closely relate to L*
values for bi-propellants. For Tests 8.1, 8.3 and 8.4 which tested the combination of all the
expected intermediate species, range in L* values between 30 and 41 inches. Test 8.4 specifically,
which correlates to the expected intermediate species ratios for LMP-103S, demonstrates to have
a L* value of 30.3 inches. This value of L* is suggested to be utilized for the design of the ionic
liquid monopropellant thruster for LMP-103S.

4.5

Possible Limiting Factors
There are potential factors from the Flame Studies experimental setup that may affect the

accuracy of the data points reported on the Flame Studies model. These factors include the
surrounding air the flame is burning in, the system operating at low pressures and the process in
which the flame length is visually captured. The intermediate species are burned along with the
surrounding air in the burner bay capture system essentially creating diffusion that can potentially
cause the flame to be longer than anticipated. However, these gases are premixed in the system
before they’re introduced to the burner nozzle and should not be considered a diffusion flame.
Also, the species are combusted in at atmospheric pressure and does not simulate the high-pressure
environment experienced within the combustion chamber of a thruster which could also affect the
length of the flame. Flame Studies, however, will provide an estimation of an expected L* value.
As previously mentioned in Section 4.4, it should be noted that although there are many definitions
and techniques found in literature for measuring flame length, t no single technique is accepted as
preferred [16]. Other methods of measuring the flame length, such as utilizing Schlieren
imagining, would affect the length obtained from the flames and differ from the length measured
visually. As more test are conducted to populate the Flame Studies model, the limiting factors from
the experimental setup will continue to affect the length of the flames obtained.
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Chapter 5: Conclusion
5.1

Summary
A test rig was designed and developed to ignite and combust expected intermediate species

found in ionic liquid monopropellants. The system was tested simulating the expected
decomposition species from LMP-103S. Per preliminary Flame Studies testing, the suggested L*
value for the design and development of the 22-N class thruster for LMP-103S is proposed to be
approximately 30 inches; similar to that of a bi-propellant combustion chamber.
Current thermal decomposition studies and catalytic studies are being carried out at cSETR
for the ionic liquid monopropellants LMP-103S and AF-M315E. It is recommended that more
thermal decomposition studies for LMP-103S be carried out. DSC testing of the propellant should
be coupled to a mass spectrometer to more fully understand and verify the intermediate species
and chemical kinetics of LMP-103S. Future decomposition studies (catalytic studies) of LMP103S should also provide insight on the catalytic activity and identifying the species exhausted
during this process. Information from both thermal decomposition studies and catalytic studies
will help verify the intermediate species that need to be tested in Flame Studies for LMP-103S.
Future Flame Studies efforts should focus on testing the expected intermediate species
obtained from Table 3.2 which include nitrogen (N2), nitrous oxide (NO2), nitrogen dioxide (N2O),
ammonia (NH3), methanol (CH3OH) and steam (H2O). A test matrix has already been created to
test these intermediate species. Currently, the Flame Studies experimental setup can support testing
of the test matrix created. However, a hazard analysis needs to be conducted along with the
approval from the cSETR safety manager to move forward with testing. The characteristic length
obtained from these future tests should be compared to the data reported on this document. This
will allow the GMPE team to provide a more confident characteristic length value for the design
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of an ionic liquid monopropellant thruster. It is also ideal to generate more data points to fully
populate the Flame Studies model in order for it to serve as a source of reference for other ionic
liquid monopropellant blends.

41

References
[1] C. D. Brown, Spacecraft Propulsion, Washington DC: American Institute of Aeronautics
and Astronautics, Inc., 1996.
[2] N. Pokrupa, K. Anflo and O. Svensson, "Spacecraft System Level Design with Regards to
Incorporation of a New Green Propulsion System," in AIAA/ASME/SAE/ASEE Joint
Propulsion Conference & Exhibit, San Diego, 2011.
[3] J. Clark, "Types of Catalysis," 2002. [Online]. Available:
http://www.chemguide.co.uk/physical/catalysis/introduction.html. [Accessed 8 5 2017].
[4] K. P. de Jong, Synthesis of Solid Catalysts, Federal Republic of Germany: Wiley-VCH,
2009.
[5] A. Larsson and N. Wingborg, "Green Propellants Based on Ammonium Dinitramide
(ADN)," in Advances in Spacecraft Technologies, InTech, 2011, pp. 139-156.
[6] K. Anflo, T. Gronland and N. Wingborg, "Development and Testing of ADN-Based
Monopropellants in Small Rocket Engines," in AIAA/ASME/SAE/ASEE Joint Propulsion
Conference & Exhibit, Huntsville, 2000.
[7] K. Neff, P. King, K. Anflo and R. Mollerberg, "High Performance Green Propellant for
Satellite Applications," in 45th AIAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit, Denver, 2009.
[8] K. Anflo, S. Moore and P. King, "Expanding the ADN-Based Monopropellant Thruster
Family," in 23rd Annual AIAA/ USU Conference on Small Satellites, Logan, 2009.
[9] M. Lange, M. Holzwarth, G. Schulte, M. Peukert and O. Feindt, "Feasibility Study and
Performance Assessment of a Myriade Propulsion Module with an ADN based Green
Monopropellant," in AISS/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit,
Nashville, 2010.
[10] D. K. Huzel and D. H. Huang, Modern Engineering for Design of Liquid-Propellant
Rocket Engines, vol. 147, Washington DC: American Institute of Aeronautics and
Astronautics, 1992, p. 71.
[11] S. Christofferson, E. J. Wucherer and M. D. Zube, "Tools for Monopropellant Catalyst
Development," in 37th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit,
Salt Lake City, 2001.

42

[12] A. Tompa, "Thermal analysis of ammonium dinitramide (ADN)," Thermochimica Acta,
Vols. 357-358, pp. 177-193, 200.
[13] S. Vyazovkin and C. Wight, "Ammonium dinitramide; Kinetics and mechanism of thermal
decomposition," Journal of Physical Chemistry A, vol. 101, no. 31, pp. 5653-5658, 1997.
[14] C. A. Snyder, "Chemical Equilibrium with Applications," 4 2 2016. [Online]. Available:
https://www.grc.nasa.gov/WWW/CEAWeb/. [Accessed 8 May 2017].
[15] R. Yang, P. Thakre and V. Yang, "Thermal Decomposition and Combustion of
Ammonium Dinitramide (Review)," Combustion, Explosion, and Shock Waves, vol. 41, no.
6, pp. 657-679, 2005.
[16] S. R. Turns, An Introduction to Combustion: Concepts and Applications, Second ed.,
Singapore: McGraw-Hill Companies, Inc., 2000.
[17] G. W. Smith and R. H. Sforzini, "Pulse Performance Analysis for Small HypergolixPropellant Rocket Engines," Spacecraft and Rockets, vol. 9, no. 9, pp. 627-628, 1972.
[18] P. Fortescue, G. Swinerd and J. Stark, Spacecraft Systems Engineering, Fourth ed.,
Singapore: John Wiley & Sons, Ltd., 2011.
[19] Y. Yener and S. Kakac, Heat Conduction, Fourth ed., New York: Taylor & Francis, 2008.
[20] Y. A. Cengel and J. M. Cimbala, Fluid Mechanics: Fundamentals and Applications, Third
ed., New York: McGraw-Hill, 2014.

43

Appendix A

44

45

46

47

Appendix B

48

49

Vita
Kimberly Marie Hogge was born in El Paso, Texas on March 13, 1993 to Maria Luisa
Jimenez and Craig James Hogge. Kimberly attended Sageland Elementary School, William D.
Slider Middle School and graduated from Eastwood High School in the summer of 2011. She then
continued her education at the University of Texas in El Paso receiving her Bachelor of Science
Degree in Mechanical Engineer in the fall of 2015. During her undergraduate education, Kimberly
began working under the direct supervision of Dr. Ahsan Choudhuri at the Center for Space
Exploration and Technology Research (cSETR). Kimberly began working at cSETR during the
summer of 2013 where her main focus of work encompassed on the Green Monopropellant
Propulsion Effort for the Missile Defense Agency (MDA). She was accepted to the Master of
Science in Mechanical Engineering program where she proceeded to receive her Master’s degree
the spring of 2017. During her educational career at UTEP, Kimberly had the opportunity to intern
at Texas A&M, Lockheed Martin Aeronautics and NASA Glenn Research Center.

Permanent address:

13991 Red Deer Rock Dr.
El Paso, Texas, 79938

This thesis was typed by Kimberly Marie Hogge.
50

